Abstract Conservation of imperiled plant species often requires ex situ (offsite) living collections. Protocols for developing these collections most often emphasize sampling depth, but little is known about the genetics of such collections. This study compares how well a single collecting protocol can capture the diversity in wild populations of two closely related species. We selected two exemplar species, bay rush (Zamia lucayana) and sinkhole cycad (Zamia decumbens), based on similarities and differences that allow for rigorous comparison, including geographic isolation and reproductive factors. For each species, we compared in situ plants to ex situ plants via the same panel of 10 microsatellite markers. Genetic distance analysis shows high fidelity of the ex situ collections to their in situ source populations and sub-populations. Structured resampling of allele capture from the in situ populations by the ex situ collections shows that allele capture increases as number of ex situ plants maintained increases, but with a diminishing rate of increase. Difference in the rate of allele capture between the two species was significant at the 
Introduction Ex situ botanic garden conservation
Botanic gardens increasingly emphasize conservation in their work . One of the most central contributions botanic gardens make towards conservation is the offsite protection of imperiled plant species (Larkin et al. 2016; Smith et al. 2016) . In addition to seed banking and tissue culture (Pence 2013; Berjak and Pammenter 2014; Raven and Havens 2014) , cultivation of living collections is an effective method for preserving threatened plant species (Gemmill et al. 1998; Cibrian-Jaramillo et al. 2013; Cavender et al. 2015) . Ex situ conservation can be central to species recovery efforts (Arnet et al. 2015) . Including ex situ collections in conservation planning can increase the probability of successful recovery (McGowen et al. 2016 ).
Sampling strategies for genetic capture
Much progress has been made in understanding the sampling strategies for living conservation collections, mostly for seed storage (Schoen and Brown 2001; Guerrant et al. 2004 McGlaughlin et al. 2015) and also with regard to sampling breadth (Larkin et al. 2016 ). This new understanding for botanic garden work has a basis in the agricultural sciences (Frankel 1984; Gale and Lawrence 1984; Brown 1989 ) which could be more vigorously applied (Heywood 2009 ). Recent investigation into the genetic basis of sampling strategies offers finer insight on how effective such strategies can be (Richards et al. 2007; Brütting et al. 2013) . Sufficient sampling depth within a population is an essential starting point, but careful attention to biological and geographic factors can lead to more effective protocols (Hoban and Schlarbaum 2014; .
Ex situ collections may differ in effectiveness
Living ex situ collections are central to conservation planning for certain plants, including cycads (Walters 2003; Okubamichael et al. 2016 ). Recent population genetic study suggests that a much greater sampling depth is required to capture sufficient genetic diversity of cycads than the depth required for other plant groups (BGCI 2014; Griffith et al. 2015) . While these types of empirical assays offer much needed confirmation and refinement of existing protocols, an admitted limit is the unknown breadth of applicability of such assays, even among closely related species (Namoff et al. 2010; Griffith and Husby 2010) .
Thus, the current study seeks to compare how broadly such findings apply. Stated as a question: Will a single conservation sampling protocol, such as that put forward in Griffith et al. (2015) , capture similar genetic diversity between two related species? Or will a single protocol capture genetic diversity at different levels based on biological factors? Generation time and reproductive frequency, for example, can influence genetic structure (Hamrick and Godt 1996; Duminil et al. 2007) , and thus may influence how well a collection protocol may capture in situ diversity. We hypothesize that when using the same collection protocol, the rate of genetic capture as a function of sample size will differ, even among closely related species. A comparison of the population genetics of ex situ collections of two related species can explore this hypothesis. To our knowledge, this is the first such study to compare two closely-related real-world examples, carefully selected to enable comparisons of geographic and biological factors, and utilizing extensive sampling of both in situ and ex situ genetic diversity.
Materials and methods

Model system
For this study, we examine the effectiveness of ex situ conservation protocols at Montgomery Botanical Center (MBC; Coral Gables, Florida, USA) in capturing in situ genetic diversity. MBC cycad collections are curated to maximize genetic diversity at the population level (Calonje et al. 2009a) , balanced with resource, space and logistic limitations . This curation strategy is based on the well-understood negative influence on conservation from inbreeding depression (Schemske et al. 1994; Frankham 1995) or loss of diversity through drift (Gale and Lawrence 1984) . Estimates of genetic diversity from allozyme data (Walters and Decker-Walters 1991) informed a long-standing population-based collecting protocol at MBC, which sought to maintain at least 15 plants from each population, grown from wild-collected seed from at least 3 mother plants. Based on recent microsatellite assay (Griffith et al. 2015) , current cycad collecting protocols now seek to maintain as many (seed-grown) plants from as broad a group of mother plants as possible, without negatively impacting the source population (Menges et al. 2004) .
The current study explores genetic diversity of bay rush (Zamia lucayana Britton: Zamiaceae). Zamia lucayana is endemic to a single Caribbean island (Long Island, The Bahamas), where it is restricted to a narrow strip of coastal sand dunes (Fig. 1 ). This species is now considered critically endangered due to small population size, limited extent of occurrence, and pressure from residential development and sand mining (Calonje et al. 2013) . Conservation genetic analysis indicates that Z. lucayana has significant genetic structure as seen via analysis of molecular variance, but is considered a single population for management purposes (Calonje et al. 2013) . Zamia species, and cycads in general are ideal candidates for ex situ conservation given slow reproductive cycles, concerns with poaching, and recalcitrant seeds (BGCI 2015) .
We selected bay rush for comparison with sinkhole cycad (Zamia decumbens Calonje, Meerman, M. P.Griff. and Hoese: Zamiaceae) investigated in Griffith et al. 2015) because of similarities and differences between the two species (Fig. 1) . The important similarities are their close congeneric status and their shared critically endangered status (Calonje et al. 2016) . The following specific circumstances set bay rush distinctly apart from sinkhole cycad. Geography: bay rush has an extremely small range, with a single population restricted to a short, narrow band of coastal sand dunes, whereas sinkhole cycad has a much broader distribution, occurring in two disjunct populations in Southern Belize. Population size: bay rush has a single population of ca. 1000 plants (Calonje et al. 2013) , whereas sinkhole cycad populations do not exceed 200 plants, and less than 500 plants are known (Calonje et al. 2009b ). Reproductive differences: Caribbean zamias (from Florida and the West Indies), such as bay rush, have distinctively different life histories than rainforest cycads such as sinkhole cycad, as Caribbean zamias reach reproductive maturity faster and produce reproductive structures more often than rainforest zamias Clugston et al. in press ). Environmental differences: bay rush occurs in full sun on coastal white limestone sand dunes, whereas sinkhole cycad occurs in deep shade at the bottom of humus-rich sinkholes. These environmental differences can influence gene flow, fecundity, germination, seedling recruitment, and survival (Clark and Clark 1987; Lopez-Gallego and O'Neil 2010) and therefore alter the demographic structure of populations. In addition to these biological and geographic factors, we selected these two species for logistic reasons. Both are especially well suited for the current study due to abundant, well curated ex situ collections available, and detailed documentation of provenance (Calonje et al. 2009b (Calonje et al. , 2013 .
Sampling protocol
Thorough sampling of leaflets of in situ individuals from throughout the native populations was performed, as detailed in Calonje et al. (2013) and Griffith et al. (2015) , and summarized here and in Table 1 . Leaflet samples from dispersed individuals covering the geographic span of the subpopulations were collected and labelled, with an emphasis on even spatial distribution. This study compares the in situ bay rush samples to cultivated plants in MBC ex situ collections derived from the in situ population (Table 1) . The ex situ collection is seed-grown from in situ female plants. Within the single population, bay rush has three major sub-populations, termed Buckley's, Hamilton's and Petty's (Calonje et al. 2013) . We compared these three in situ sub-populations to living collections developed from seeds collected during fieldwork in 2009. The ex situ plants are curated as separate accessions, defined as collections derived from single, separate mother plants (7 accessions from Buckley's, 5 accessions from Hamilton's, and 4 accessions from Petty's; see Table 1 ).
DNA extraction and amplification
DNA isolation, PCR amplification and visualization of SSR fragments follow protocols described by Meerow and Nakamura (2007) . We used ten microsatellite primers for this analysis: Zam28, Zam33, Zam53, Zam59, Zam60, Zam61, Zfg23, Zfg25, Zfg32, and Zfg33 (Meerow et al. 2012) . These neutral molecular markers are the same microsatellites used in Griffith et al. (2015) , allowing for precise comparison between bay rush and sinkhole cycad. The datasets generated and analysed during the current study are available as a supplementary file with the online version of the article. Population genetic assay and structured resampling
We implemented comparative estimates of genetic distance (Nei 1978) and multivariate analysis of genetic distance (Orloci 1978; Huff et al. 1993) in GenAlEx version 6.41 (Peakall and Smouse 2006) . To determine the level of genetic diversity captured via the population-based collecting protocol, we compared the amount of alleles in the in situ subpopulations and the ex situ collections, based on protocols developed by Namoff et al. (2010) . The number of bay rush ex situ samples (n = 244 for all three sub-populations together; Table 1 ) allows exploration of optimal collection sizes. We resampled the collection data, without replacement, to obtain randomly selected model populations (hereafter referred to as 'resamples'). These resamples were composed of randomly selected entire accessions, in other words plants derived from one mother, i.e. half-sibling cohorts. For example, one random resample of 51 plants was composed of 19 plants from one mother (accession 14; Table 1 ), 18 plants from a second mother (accession 16), and 14 plants from a third mother (accession 20), and included all the offspring from these three mother plants, and no offspring from any other mother plant. The resamples were structured to include from one to 16 accessions and from 8 to 244 individuals (i.e. spanning the entire range of the current ex situ collection). We made measures of genetic capture for these random samples by comparing each resample to the population via GenAlEx, and comparing the proportion of private alleles to total alleles in the population and resample. We modeled allelic capture as a function of number of individuals in the collection via a logarithmic regression fit to the allele capture for each species using GenAlEx, giving a curve of expected genetic capture as a function of collection size.
Comparison between species
We designed sampling protocols, collections management, and population genetic assay methods for the current study to mirror the methods used in the prior recent study of the sinkhole cycad (Griffith et al. 2015) , allowing for comparison between two congeneric, critically endangered species. We compared allele capture data for significance and effect size (Cohen 1988) using Real Statistics Resource Pack version 4.3 (Zaiontz 2015) .
Results
Distance analysis
Genetic distance analysis shows a high degree of identity for each bay rush ex situ collection compared to its source sub-population. The ex situ collections from Hamilton's, Buckley's, and Petty's, in that order, show nearest distance with their respective source sub-populations (Table 2 ). Multivariate analysis of genetic distance by individual plants also shows high identity of the ex situ collections to their respective source populations, but indicates no clear separation by genetic distance between the sub-populations, (Fig. 2) .
Genetic capture by ex situ collection
Including all available accessions, the ex situ collection captures 89.91% of the alleles from the in situ population of bay rush. With each sub-population treated separately, collections from Buckley's capture 85.18% of in situ alleles, collections from Hamilton's capture 68.96% of alleles, and collections from Petty's capture 88.75% of alleles. Structured resampling of allele capture by collection size shows an increase in genetic capture as collection size increases (Fig. 3) . Collections composed of a single accession 
Comparison between species
Comparison of the allele capture data for bay rush with that for sinkhole cycad shows a different (p = 0.0976) rate of genetic capture as a function of collection size (Fig. 3) . For a given number of plants, ex situ collections of bay rush capture more in situ allele diversity than collections of sinkhole cycad. A bay rush collection comprised of 3 accessions with 15 mother plants (cf. Namoff et al. 2010) would potentially capture an average of 36.0% of in situ alleles, while a similar collection of sinkhole cycad would capture only an average of 24.3% of the in situ diversity. For comparative purposes, expressed as an 80% target for genetic capture, a sinkhole cycad collection would require at least 190 plants, while a bay rush collection can reach this target with 140 plants. Between these two collection sizes (x = 165 plants) bay rush captures an average of 10.31% more alleles that sinkhole cycad (d = 5.41; 95% confidence interval 3.15, 6.33).
Discussion Exploring the hypothesis
The title of this paper asks a question which frames this discussion: can ex situ collections conserve different plant species equally well? An intuitive answer might be ''no,'' given the wide phyletic distances within the plant kingdom, potential great diversity in biology and geography of individual populations (Hoban and Schlarbaum 2014) , life histories, threats, and circumstances among plants , and the particular challenges in cultivating many species . This study seeks a more data-driven answer to that question by isolating many of those variables, and carefully considering the differences that remain between these two empirical cases. We hypothesize that for the same collection protocol, the rate of genetic capture can differ even between closely related species. For the two species examined here, the null hypothesis (no difference in rate of genetic capture) is not rejected at the 95% confidence level, but is rejected at the 90% confidence level (Fig. 3) . Furthermore, the effect size value (d = 5.41) shows a high practical significance at larger collection sizes. Thus, for this Fig. 2 Multivariate analysis of genetic distance data for all bay rush (Zamia lucayana) plants in the study (n = 365, see Table 1 ). The first two axes (PCA 1 and PCA 2) are indicated with the percent of variation explained by each. Each point is an individual plant. Squares indicate in situ (wild) plants (Calonje et al. 2013) , and circles represent ex situ plants. Clear overlap among the three in situ sub-populations is noted, yet ex situ collections show high fidelity with the in situ sub-population from which they were collected (Table 2) discussion, it is useful to consider how these two species behave similarly in ex situ collections, and also how they differ.
Similarities
Comparing the two Zamia species shows that both exhibit a relationship of diminishing returns on genetic capture as a function of collection size, i.e. that the rate of increase in genetic capture decreases as the number of plants increases (Fig. 3) . Both species show greatest variation in allele capture for collections composed of a single accession (i.e. halfsibling cohort). As the number of accessions increases, the % allele capture increases and the range of % allele capture decreases. This relationship of diminishing returns has been found in similar studies for unrelated plant species. Richards et al. (2007) , also using microsatellite data and similar simulated resamples of a collection of Texas wild rice (Zizania texana), observed the same diminishing returns on allele capture as collection size increased. Volk et al. (2005) show a similar pattern for wild apple (Malus sieversii), also using microsatellite data. A study of Keys thatch palm (Leucothrinax morrisii) also using structured resampling found the same general relationship, (Namoff et al. 2010 ). The similarities in allele capture between the Zamia species in the current study, and among other species investigated in a similar manner, further validate the emphasis of current collecting protocols to sample for depth within a given population of any species Haidet and Olwell, 2015) .
Differences
The main difference is that for a given collection size, bay rush collections capture a greater amount of genetic diversity than collections of the sinkhole cycad. Conversely, to achieve a targeted level of allele capture, a greater number of sinkhole cycad collections than bay rush collections would be required, e.g., for 80% allele capture, 190 or 140 plants respectively (Fig. 3) . For comparison, 125 plants of Texas wild rice achieved above 80% allele capture (Richards et al. 2007) , and a core collection of 15-20 plants of wild apple captures 80% of allele diversity (Volk et al. 2005 ). In the Keys thatch palm example (using dominant ISSR markers), a collection of only 15 ex situ plants were required to reach 80% allele capture (Namoff et al. 2010) . Thus, the idea that every species is different with regard to allele capture in ex situ collections (Griffith et al. 2015 ) is supported by these data, even between the two closely related Zamia species studied here. By using an identical collecting protocol and genetic assay method, this leaves biological differences as the most likely cause of differences in genetic capture, but sampling error could also be considered (Hong and Ellis 1996) . Either way, given the level of resource input required for ex situ collections (Pardey et al. 1998; Cibrian-Jaramillo et al. 2013 ), these differences have implications for feasibility and management. Thus, these data can inform planning for ex situ conservation collections, if the biological similarities and differences between cases are carefully considered.
Insights from this model system
By examining two closely related species which differ in geographic and reproductive factors, this study provides a comparison which can offer insight for ex situ collections protocols. In this way, we address some limitations expressed in Namoff et al. (2010) , which noted that a single species assay offers information, but it is not known how broadly such findings can be applied. By comparison, insights and recommendations can be further refined.
Differences in geographic structure are known to affect genetic structure (Gapare and Aitken 2005; Lopez-Gallego and O'Neil 2010). Thus, geographic structure is considered to affect allele capture for ex situ collections (Touchell et al. 1997; Hoban and Schlarbaum 2014; . The case study presented here can empirically illustrate the need to consider geographic structure in collecting protocols by comparing two cycad species with different geographic structure. Bay rush exists as a single continuous population within 7 km, whereas sinkhole cycad is separated into two disjunct major populations 7 km apart. This geographic structure is mirrored in the multivariate analysis of genetic distance data for bay rush, which shows little separation by either axis (Fig. 2) , while the same analysis for sinkhole cycad completely separates its two populations via a single axis (Griffith et al. 2015) . For bay rush, a lack of clear differentiation by genetic distance justifies treating the in situ plants as a single population for management purposes (Calonje et al. 2013) .
Can these differences in genetic and geographic structure inform collecting protocols? This can be answered by separating out the allele capture for selected cohorts within the bay rush ex situ collection, and comparing to sinkhole cycad (Table 3 ). These data show that collecting from only a single sub-population of bay rush can result in either close to expected or far less than expected genetic capture than from similarly-sized collection of plants from multiple sub-populations. Ex situ collections from Hamilton's (n = 77), for example, can only capture up to 52% of the genetic diversity of the full in situ population of bay rush, far less than the 68% expected for a collection of 77 plants randomly chosen from all three subpopulations (Table 3) . However, ex situ collections from either Buckley's or Petty's perform much nearer to expectations (Table 3) . A similar, but even more variable result is seen for sinkhole cycad (Table 3) ; ex situ plants from a single population either capture much fewer (Sinkhole 1), or close to the expected amount of alleles. Thus, the current study exemplifies the need for consideration of geographic factors when developing ex situ collections, and lends support to the idea that every population should be considered separately for such work (Ceska et al. 1997; Krishnan et al. 2013; BGCI 2014) . Thus, we recommend carefully considering geographic differences among populations when implementing ex situ conservation actions.
Bay rush and sinkhole cycad also differ in reproductive phenology and life history. As in all cycads, both species are dioecious and pollinated by specialist insects (Rhopalotria dimidiata and R. calonjei, respectively; O'Brien and Tang 2015). Bay rush is observed to have numerous in situ female plants showing multiple cones with complete seed set (Calonje et al. 2013) , whereas in a recent observation sinkhole cycad shows much less reproductive frequency, with only 7 plants out of 375 bearing mature seed, and most of these bearing single cones (Griffith et al. 2015) . These differences persist in a common garden setting. Bay rush collections begin to produce male cones in 2 years from seed, and female cones in 3 years; sinkhole cycad collections have only produced one male cone in collections 6 years from seed, and no cones in another cohort of collections 8 years from seed. Based on this limited information, the sinkhole cycad has a minimum absolute generation time at least three times as long as bay rush, and wild populations of sinkhole cycad exhibit considerably lower gene flow each year. This correlates with a greater number of seed collections needed to capture sufficient allele diversity for sinkhole cycad (Fig. 3) . Schoen and Brown (1991) as well as simulated the effects of selfing and limited dispersal on seed collection and also found that much greater sampling is needed when these reproductive factors reduce gene flow. While dioecious Zamia are obligate outcrossers, very limited seed dispersal is observed for either species (Calonje 2010) . However, the longer generation times and more limited coning of sinkhole cycad would also act to reduce gene flow in a similar manner (cf. Kremer et al. 2012) . The greater collection size of sinkhole cycad required for a fixed level of allele capture correlates with these reproductive biology factors. As a contrast to each Zamia in this study, the Keys thatch palm example examined an anemophilous, monoecious, panmictic species (Namoff et al. 2010; Griffith et al. 2011) , and the much fewer numbers of ex situ plants required for high levels of genetic capture may correspond to these reproductive factors. Informed by these comparisons, we recommend that ex situ conservation plans include careful consideration of reproductive biology in sampling protocols.
Moving forward
By utilizing a comparison between two closely related species which differ in geographic and reproductive factors, we address some limitations about how broadly such findings can be applied. In this way, this study offers insight for ex situ collections protocols. Further parallel assays of other species, structured to include deliberate comparisons of rarity, reproductive isolation, dispersal, and generation times, would allow further testing of generalizations, and further refinement of protocols .
Adequate genetic capture is necessary for sustainable ex situ conservation collections, but sampling guidelines based on studies such as the current one must also take into account planned redundancy to mitigate against losses through reduced seed viability (Kay et al. 2011 ) and other losses (Griffith et al. 2008) . A recent thread in the literature discusses ways in which collecting protocols insure against loss or drift (Guja et al. 2015; Guerrant et al. 2015; . Genetic capture via ex situ collections is only one portion of an integrated strategy for plant conservation (BGCI 2016), which can include basic research on plant diversity (Lorenzi et al. 2010) , methods of sustainable use (Salomé-Castañeda et al. 2015) , and involvement of stakeholders (García-Llorente et al. 2016) .
Ex situ efforts currently maintain many plant species that would otherwise be extinct (Dhar 1996; Maunder et al. 2000; Sharrock 2011; Cousins et al. 2013) . Despite these important cases, debate in the literature often questions the need for ex situ conservation (Hamilton 1994) . Some root of this criticism is based on the perceived danger of authorities disregarding in situ conservation in favor of more politically feasible measures (Heywood 2009 ), or on inadequate attention to ecologically related issues (cf. Moir et al. 2012) . Sometimes the critique of ex situ work is explicitly rooted in philosophical opinion (Rolston 2004) . Careful review does note cases in which the benefits of ex situ conservation do not justify the costs (Clement et al. 2009 ). The conservation value of botanic garden ex situ collections can sometimes be overstated (Aplin 2008) , most often due to insufficient data (Maunder et al. 2001) .
We advance that the remedy for insufficient data is targeted data which allow rigorous assessment of conservation value. Studies such as the current work, which use targeted genetic data to assess the conservation value of ex situ collections, can help raise the understanding of exactly how well living collections can contribute to integrated efforts. Finally, cultivation of imperiled plants perfectly leverages the skills and assets of the botanic garden field to contribute to species survival. Regardless of the finer debate on the relative merits of ex situ botanic garden collections, the established feasibility of protective horticulture makes it an essential component in restoration efforts (Li and Pritchard 2009; Seaton et al. 2010; Vitt et al. 2010) . Future world conditions may make ex situ work even more vital (Bridgewater 2016) .
